Magnetism in clusters having upto 14 atoms of non-magnetic element, Ru is studied using the ab initio ultrasoft pseudopotential plane wave method and generalized gradient approximation for the exchange-correlation energy. The lowest energy structures are found to have no atom at the center upto n ¼ 14. The well known icosahedral structure for 13 atoms does not have the lowest energy. The calculated magnetic moments are in better agreement with experiments and tend to vanish faster as compared to Rh with an increase in size.
Introduction
Magnetism in clusters of non-magnetic elements, Ru, Rh and Pd has attracted much attention in recent years. [1] [2] [3] [4] [5] [6] [7] [8] These elements lie in the periodic table just below the magnetic elements Fe, Co, and Ni whose clusters have been found to have enhanced magnetic moments as compared to bulk. This is due to the reduced coordination of atoms in clusters that leads to a narrower distribution of states as well as the localization of electrons. Accordingly clusters of Ru, Rh, and Pd can develop magnetic moments. Experiments indeed suggest that clusters of these elements are magnetic. However, the magnetic moments have been generally found to be small particularly in the case of Ru and Pd and a proper theoretical understanding is still lacking.
Rhodium, Ruthenium and Palladium are good catalysts. Therefore an understanding of the atomic and electronic structures of their clusters as well as the changes due to adsorption is important for designing good catalysts. Theoretical studies on Pd clusters showed large magnetic moments. 4) For small Rh clusters we have recently found from ab initio studies that there are non-compact structures 1, 2) that have lower energies. The magnetic moments on these isomers are in better agreement with the observed values 8) as compared to previous theoretical studies 3, 5, 7) that found icosahedral clusters to be most favorable. Theoretical studies on Ru clusters are few. Kaiming et al. have shown icosahedral growth 6) to be most favorable. We consider here clusters of Ru and show that the growth of Ru clusters is not icosahedral and it has similar trends as found in Rh clusters. This Paper was Presented at the Autumn Meeting of the Japan Institute of Metals, held in Akita, on September 29, 2004.
9)

Method
The calculations have been performed using the ab initio ultrasoft pseudopotential plane wave method. [10] [11] [12] The unit cell is chosen as a cube of 1.5 nm width. The cut-off energy for the plane wave expansion is taken to be 203.6 eV. The cut-off radius for the pseudopotential is taken to be 0.265 nm. The generalized gradient approximation has been used for the exchange-correlation energy. A few selected structures have been optimized using the conjugate gradient method and in most cases, the low lying isomers were checked for other spin isomers.
We calculated the binding energy, the magnetic moment and the spin multiplicities for Ru clusters. The binding energy per atom (BE) was calculated by
where E atom and E cluster are the total energies (in eV) of an isolated Ru atom and the cluster, respectively. n is the number of atoms in the cluster. The unit of BE is eV/atom. The magnetic moment per atom (MM) and the spin multiplicity (S) were calculated by
where S u and S d are the number of electrons with the majority and the minority spins, respectively. The unit of MM is B / atom. In the following, we will refer to the binding energy per atom as the binding energy and the magnetic moment per atom as the magnetic moment for convenience of presentation.
Result
Optimized structures for Ru n
The low lying structures of 3-14 atom Ru clusters are shown in Fig. 1 . For Ru 4 , a square structure is the lowest in energy and it has spin multiplicity 1 so that the magnetic moment on this cluster is completely quenched. A bent rhombus which was the lowest energy structure for Rh 4 , 1) lies 0.51 eV higher in energy and has spin-multiplicity 5. Also a tetrahedron with spin multiplicity 5 lies 1.17 eV higher in energy. Therefore close packed structures are not of lowest energy. Similarly for Ru 5 , we obtain a pyramidal structure (spin multiplicity 1) to be 1.23 eV lower in energy than the trigonal bipyramid structure (spin multiplicity 3). For Ru 6 a prism structure with spin multiplicity 3 is 0.65 eV lower in energy than an octahedron (spin multiplicity 9). Thus both Ru 5 and Ru 6 are similar to Rh. For Ru 7 , we find an isomer (7a) shown in Fig. 1 to be 0.77 eV lower in energy than a capped prism isomer (spin multiplicity 7). This structure has been obtained by removing an atom from a cube that is most favorable for Ru 8 . This results is different from Rh 7 . Also the prism isomer lies 1.11 eV lower in energy than a pentagonal bipyramid (spin multiplicity 5) which is a well known stable structure for 7 atom cluster. Another interesting result is for Ru 8 which has a deformed cubic structure with spin multiplicity 3. It lies 2.26 eV lower in energy than a capped pentagonal bipyramid (8c) with spin multiplicity 5. These results indicate that open structures of Ru clusters are more favorable. The spin dependency of the binding energy (BE) of Ru 8 is shown in Fig. 2 . The BE for cubic isomer (8a) has a peak at spin multiplicity 5. We also studies a few other isomers of Ru 8 such as two fused prisms (8b) and a D 2d (8d) structure. These lie 1.92 and 3.29 eV higher in energy with spin multiplicities of 3 and 7 as compared to the cubic isomer.
Open structures continue to be lower in energy for larger clusters as well. Ru 9 is a capped cube while for Ru 10 , capping of a face of a cube with two atoms has the lowest energy with spin multiplicity 5. It is 1.53 eV lower in energy than a bicapped tetragonal antiprism (spin multiplicity 7). For Ru 12 , a double cubic structure with spin multiplicity 1 is the lowest in energy. Therefore Ru n (n ¼ 8{12) clusters have cubic growth behavior. The most important result is obtained for Ru 13 . Earlier an icosahedron has been reported to be of lowest energy. 6) We carried out optimizations for icosahedron, cuboctahedron, decahedron, cubic and prism base structures. An atom removed hexaprism structure (13a) (spin multiplicity 7) with no atom at the center is 2.43 eV lower in energy than a cage like structure (13c) with spin multiplicity 3, which is the lowest energy isomer for Rh 13 cluster.
1) The cage like structure is 0.69 and 0.36 eV lower in energy than an icosahedron (13d) (spin multiplicity 13) and a decahedron (spin multiplicity 15). Also (13a) is 0.77 eV lower in energy than another hexagonal type isomer (13b) which lies close in energy in the case of Rh 13 . These results indicate that in general, Ru clusters continue to prefer relatively open structures and that these have different growth behavior as compared to Rh clusters. The spin dependence of the BE of Ru 13 is shown in Fig. 2 . The BE for icosahedron has a peak similar to the 8-atom cubic isomer with higher spin multiplicity. The BE for the lowest energy structure has a very small peak. This shows that for the lowest energy isomer the change in energy for a lower spin multiplicity is very small. It could also be a reason for the non-magnetic behavior observed in these clusters. For Ru 14 , a hexaprism structure with spin multiplicity 3 is 4.64 eV lower in energy than a capped icosahedron with spin multiplicity 15. Also the isomer (14b) which has lowest energy for Rh 14 lies 2.45 eV higher in energy. Another isomer based on a hexagonal antiprism structure (14c) lies 3.88 eV higher in energy, demonstrating clearly that closed packed structures are very unfavorable for Ru clusters. 
Calculated properties
The binding energy is shown in Fig. 3 for the lowest energy isomers. It increases monotonically as the cluster size increases but it decrease from n ¼ 8 to 9 and then increases again, suggesting that Ru 8 is also a magic cluster. The magnetic moment per Ru atom is shown in the middle part of Fig. 3 . The variation in energy as the spin multiplicity is changed, is small. This could be a reason that at finite temperatures, the observed magnetic moments are lower because isomers with lower magnetic moments would also be present. The moments oscillate as the size is varied and there is an overall gradual decrease with an increase in the size. Experimental results showed only very weak magnetism in Ru clusters. 8) Our resluts are in good agreement with the superparamagnetic moments deduced by Cox et al. 8) from their experiments. The magnetic moments are significantly lower than the values obtained for Rh clusters. Also the highest occupied-lowest unoccupied molecular orbital (HOMO-LUMO) gap shows oscillatory behavior as a function of size and there is an overall decrease with an increase in size. This is expected as bulk Ru is a metal. The calculated bond lengths for Ru clusters are shown in Fig. 4 . For small clusters there is a significant contraction. The bond lengths have an oscillatory behavior as a function of size, but it doesn't approach towards the bulk value.
The magnetic behavior and the bonding nature are more clearly seen from the isosurfaces of the magnetic polarization and the charge densities, respectively. These are shown in Fig. 5 for the lowest energy isomer of Ru 8 , which has a peak in the BE. The charge density and polarization are nearly symmetric, but the directional bonding does not appear to be very strong. This result shows ferromagnetic coupling in this isomer. Our results are important revelations of the nature of bonding and unexpected relatively open structures in these clusters and would help to understand the clusters of other transition metals. The angular momentum decomposed and gaussian broadened densities of states show (Fig. 5) that the d-d bonding is very strong and leads to the open structures and short bonds. The lowest states have mostly d character and the p component in the occupied region is small. It is mostly in the unoccupied region while the s component is mostly in the occupied region. The HOMO lies in a very small gap and there are many unoccupied states in the up-spin energy spectrum.
Summary
In summary we have studied from first principles the atomic and electronic structures of small Ru n clusters. We find low open structures of Ru clusters to be of lower energy than the icosahedral based structures obtained before. There are some similarities with Rh n clusters, 1, 2) but the growth behavior is different. In particular Ru 13 is not icosahedral and it is different from Rh 13 . It has no atom at the center. The magnetic moments are much smaller than on Rh clusters and are in good agreement with the experimental results. Similar structures may hold for clusters of other transition metals and these are under study.
